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Abstract 

Methods for extracting Higgs boson signals at a 1 TeV center-of-mass energy e^e~ 
linear collider are described. In addition, estimates are given for the accuracy 
with which branching fractions can be measured for Higgs boson decays to 66, 
WW , gg, and 77. 
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1 Introduction 



The precision measurement of the Higgs boson couphngs to fermions and gauge bosons 
is one of the most important goals of an e~^e~ hnear colhder. These measurements will 
distinguish between different models of electroweak symmetry breaking, and can be used 
to extract parameters within a specific model, such as supersymmetry. Most linear collider 
Higgs studies have been made assuming a center-of-mass energy of 0.35 TeV, where the 
Higgsstrahlung cross-section is not too far from its peak value for Higgs boson masses less 
than 250 GeV . Higgs branching fraction measurements with errors of 2 — 10% can be 
achieved at y/s = 0.35 TeV for many Higgs decay modes, and the total Higgs width can be 
measured with an accuracy of 5 — 13% if the y/s = 0.35 TeV data is combined with WW 
fusion production at ^/s = 0.50 TeVPJ. These measurement errors are very good, but is it 
possible to do better? 

In the CLIC study of physics at a 3 TeV e+e~ linear collider it was recognized that 
rare Higgs decay modes such as /i — > could be observed using Higgs bosons produced 

through WW fusionj21 El- This is possible because the cross-section for Higgs production 
through WW fusion rises with center-of-mass energy, while the design luminosity of a linear 
collider also rises with energy. One doesn't have to wait for a center-of-mass energy of 
3 TeV, however, to take advantage of this situation. Already at ^/s = 1 TeV the cross- 
section for Higgs boson production through WW fusion is two to four times larger than the 
Higgsstrahlung cross-section at ^/s = 0.35 TeV, and the linear collider design luminosity is 
two times larger at ^/s = 1 TeV than at ^/s = 0.35 TeV|l]. Table Q summarizes the Higgs 
event rates at ^/s = 0.35 and 1 TeV for several Higgs boson masses. 

In this report methods for extracting Higgs boson signals at a 1 TeV center-of-mass 
energy e^e~ linear collider are presented, along with estimates of the accuracy with which 
the Higgs boson cross-section times branching fractions, a-B^x, can be measured. All results 
and figures at ^/s = 1 TeV assume 1000 fb~^ luminosity, -80% electron polarization, and 
+50% positron polarization. 

Table 1: Number of inclusive Higgs events assuming an initial state electron polarization of 
-80% and integrated luminosities of 500 (1000) fb"^ for = 350 (1000) GeV. Effects from 
beamstrahlung and initial state radiation are included assuming the NLC machine design. 
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2 Event Simulation 



The Standard Model backgrounds from all 0,2,4,6-fermion processes and the top quark- 
dominated 8-fermion processes are generated at the parton level using the WHIZARD Monte 
Carlo[.5^. In the case of processes such as e^e~ — *■ e^e~ f f the photon flux from real beam- 
strahlung photons is included along with the photon flux from Weiszacker- Williams low-g^ 
virtual photons. The production of the Higgs boson and its subsequent decay to hh and 
r+r^ is automatically included in WHIZARD in the generation of the 4-fermion processes 
e^e~ — > f fhb and e^e~ — > ffT~^T~. For other Higgs decay modes the WHIZARD Monte 
Carlo is used to simulate e^e^ —>■ ffh and the decay of the Higgs boson is then simulated us- 
ing PYTHIA|n]. The PYTHIA program is also used for final state QED and QCD radiation 
and for hadronization. The CIRCE parameterization [7] of the NLC designjlj at y/s = 1 TeV 
is used to simulate the effects of beamstrahlung. For the detector Monte Carlo the SIMDET 
V4.0 simulationjH] of the TESLA detector[^ is utilized. 

3 Measurement of a • Bxx at = 1 TeV 

Results will be presented for the Higgs decay modes h — > bb, WW, gg, 77. The h ^ cc 
decay is not studied since a detailed charm-tagging analysis is beyond the scope of this 
paper; however it might be interesting for charm-tagging experts to pursue this decay mode 
at ^/s = 1 TeV. The h t~^t~ decay is not considered since the neutrinos from the decays 
of the taus severely degrade the Higgs mass reconstruction. 

Higgs events are preselected by requiring that there be no isolated electron or muon, and 
that the angle of the thrust axis ^thrust, visible energy i?(visible), and total visible transverse 
momentum (visible) satisfy 

I COs6'thrust| < 0.95, 

100 < E(visible) < 400 GeV, 20 < pT(visible) < SOOGeV. (1) 

Other event variables which will be used in the Higgs event selection include the total 
visible mass M(visible), the number of charged tracks iV(chg), the number of large impact 
parameter charged tracks A^(imp), and the number of jets A^(jet) as determined by the 
PYCLUS algorithm of PYTHIA with parameters MSTU(46) = 1 and PARU(44)=5. 

3.1 h^bb 

Decays of Higgs bosons to b quarks are selected by requiring: 

6 < iV(chg) < 19, 7 < A^(imp) < 19, 
2 < A^(jet) < 3, Mh- 10 GeV < M(visible) < + 6 GeV, (2) 

where is the Higgs boson mass measured at ^/s = 350 GeV. Histograms of M (visible) 
are shown in Fig. ^ assuming Higgs boson masses of 120 and 200 GeV. Most of the non- 
Higgs SM background in the left-hand plot is due to e~^e~ — > euW, eeZ, uuZ, while the 
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Figure 1: Histograms of M(visible) following bb selection cuts for background and signal 
assuming = 120 GeV (left) and = 200 GeV (right). The histograms contain non- 
Higgs SM background (white), h bb (red) and other Higgs decays (green). 



non-Higgs background in the right-hand plot is mostly 77 WW. The statistical accuracy 
for cross-section times branching ratio, a ■ Bf,f,, is shown in the first row of Table |21 along 
with results for Mh = 115, 140, and 160 GeV. 

The Higgs background makes up 1.2% of the events in the left-hand plot that pass all cuts, 
and of these 70% are cc, 20% are gg, 5% are WW*, and 5% are ZZ*. The Higgs background 
is small enough that Higgs branching fraction measurements from y/s = 350 GeV can be used 
to account for this background without introducing a significant systematic error. The non- 
Higgs background should be calculated with an accuracy of 1 to 2% to keep the non-Higgs 
background systematic error below the statistical error. 



3.2 h ^ 77 

Decays of Higgs bosons to photon pairs are selected by requiring: 
N{chg) = 0, iV(imp) = 0, 

iV(jet) = 2, Mh-2 GeV < M(visible) < Mh + I GeV. (3) 

Histograms of M(visible) are shown in Fig. |21 assuming Higgs boson masses of 120 and 
160 GeV. The SM background is almost entirely e~^e~ —>■ uwyj. 
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Figure 2: Histograms of M (visible) following 77 selection cuts for background and signal 
assuming = 120 GeV (left) and = 160 GeV (right). The histograms contain non- 
Higgs SM background (white) and 77 (red). 

3.3 h WW, gg 

Decays of Higgs bosons to WW or WW* are selected by requiring: 

16 < A^(chg) < 44, A^(imp) < 6, 

4 < A^(jet) < 5, Mh- 10 GeV < M(visible) < M/, + 6 GeV. (4) 

The histogram of M(visible) following the WW cuts is shown in the left-hand side of Fig. El 
for a Higgs boson mass of 120 GeV. The non-Higgs SM background is mostly e^e~ —>■ evW . 
There is also a substantial Higgs boson background consisting of h ^ gg (63%), h ^ bb 
(14%), cc (12%) and h ZZ* (12%). In order to isolate the h WW signal from the 
other Higgs decay modes, events are forced into 4 jets and a neural net analysis is performed 
using the 4-momentum dot products between pairs of jets and the event variables ^'(visible), 
Pt (visible), iV(chg), A^(imp), and A^(jet). The results of this neural net analysis are shown 
in the right-hand side of Fig. El 

The background from h bb, cc, ZZ* is small enough that Higgs branching fraction 
results from ^/s = 350 GeV can be used to account for these decays without introducing 
significant systematic errors. However, the contribution from h —>■ gg can only be dealt with 
by measuring a ■ Bww and a ■ Bgg simultaneously. To that end the decay h ^ gg is selected 
by requiring: 

11 < A^(chg) < 49, A^(imp) < 6, 

2 < A^(jet) < 4, Mh- 10 GeV < M(visible) <Mh + Q GeV. (5) 
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Figure 3: Histograms of M (visible) (left) and the h WW neural net variable (right) 
following WW selection cuts assuming = 120 GeV. The histograms contain non-Higgs 
SM background (white), h — >• WW (red), h ^ gg (blue), and h bb, cc, ZZ* (green). 



An h gg neural net analysis is performed with a set of variables identical to that used in 
the h WW neural net analysis. The results of the simultaneous fit of cr • and a ■ Bgg 
for Mh = 115, 120, 140, 160 GeV are shown in rows 2 and 3 of Table H For Mh = 200 GeV 
the h ^ gg decay mode is negligible and so a simultaneous fit of a ■ B]yw and a ■ Bzz is 
made where the ZZ selection cuts are the same as the WW selection cuts and an /i — > ZZ 
neural net analysis is performed to separate h — > ZZ from h — ^ WW. 



Table 2: Statistical accuracies for the measurement of a- B^x for different Higgs decay modes 
h-^ XX at ^= 1000 GeV. 
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Table 3: Assumed branching fraction errors for Higgs boson decays to bb and WW from 
measuements made at ^/s = 350 GeV with 500 fb~^ luminosity. 
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Table 4: Relative accuracies for the measurement of Higgs branching fractions and the Higgs 
boson total decay width obtained by combining results from Tables |21 and El 
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4 Measurement of Higgs Branching Fractions and the 
Total Higgs Decay Width 

The measurements of a ■ B^x in Table El can be converted into model independent measure- 
ments of Higgs branching fractions and the total Higgs decay width if they are combined 
with measurements of the branching fractions 5^ and B^^f from y/s = 350 GeV: 

Bxx = {(y ■ Bxx){(y ■ Bww)~^Blyy^^ = (a ■ Bxx)icr ■ Bhb)^^Blf^ 

Ttot oc (a ■ Bbb)iBt,)-\B*^^)-' = (a ■ Bbb)\a ■ Bww)-\B;,)-\ (6) 

The assumed values for the errors on and -Byi/VK shown in Table El The errors are 
taken from the TESLA TDRpP when the branching fractions are small. For large branching 
fractions, however, it is better to use the direct method JUj for measuring branching fractions 
because binomial statistics reduce the error by a factor of a/1 — Bxx- 

Utilizing the relations in Eq.(6) a least squares fit is performed to obtain measurement 
errors for Bbb, Bww, Bgg, B^^, and Ttot at a fixed value of Mh. The results are summarized 
in Table 01 Compared to branching fraction measurements at ^/s = 350 GeV^] the results 
of Table El provide a significant improvement for Higgs decay modes with small branching 
fractions, such as Bbb for 160 < Mh < 200 GeV, Bww for 115 < M/, < 140 GeV and Bgg 
and B^^ for all Higgs masses. 



5 Conclusion 



The couplings of Higgs bosons in the mass range 115 < Mh < 200 GeV can continue to 
be measured as the energy of an e+e" hnear colhder is upgraded to ^/s = 1000 GeV. The 
Higgs event rate is so large that some of the rarer decay modes that were inaccessible at 
y/s = 350 GeV can be probed at = 1000 GeV, such as h ^ bb for Mh = 200 GeV, and 
h gg, 77 for Mh — 140 GeV. The Higgs physics results from ^/s — 1000 GeV will help 
provide a more complete picture of the Higgs boson profile. 
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